Near-equilibrium potential energy and dipole moment functions have been calculated for the linear mercury halide molecules HgCl 2 , HgBr 2 , and HgBrCl using highly correlated coupled cluster wave functions and large correlation consistent basis sets. After extrapolation to the complete basis set limit, additional corrections due to core-valence correlation and relativity were included in the final anharmonic potential energy functions ͑PESs͒. The fitted PESs and dipole moment functions were then used in variational calculations of the low-lying rovibrational band origins. Both the asymmetric stretch and symmetric bend fundamental bands are predicted to carry significant oscillator strength for all three species. A wide range of spectroscopic properties are accurately predicted, which should facilitate the observation of these species by high resolution spectroscopy.
I. INTRODUCTION
Recent measurements of tropospheric gaseous mercury concentrations in both the Arctic and Antarctic have revealed periodic rapid depletions during the spring months following polar sunrise. [1] [2] [3] These mercury depletion events ͑MDE͒ are of strong concern since mercury can then accumulate on snow and ice surfaces and affect biota and the local population. It was monitored that during MDEs, mercury was converted from its elemental Hg (0) form to a more reactive Hg͑II͒ species 2, 3 ͓reactive gaseous mercury ͑RGM͔͒. By comparison to the analogous periodic depletion in ozone concentrations during the same period of the year, the reactions of mercury with halogen radicals ͑Br,Cl͒ and halogen oxides ͑BrO,ClO͒ have been suggested to be the most likely chemical paths for oxidation of zerovalent mercury. [1] [2] [3] Correspondingly, the complexes HgBr 2 , HgCl 2 , etc. are believed to be favorite candidates for RGM species. 3 Certainly, reliable information about the structural and spectroscopic properties of mercury-halogen complexes could be helpful in obtaining a better understanding of the causes and mechanisms of these depletion events.
Despite the multiple experimental studies and several theoretical calculations performed on mercury halides, accurate structural and spectroscopic data of these complexes are still missing. The binary mercury halides have been the subject of numerous spectroscopic studies, partially due to their possible application in lasers ͑see, for example, the historical review by Wadt 4 ͒. The vibrational frequencies of HgBr 2 and HgCl 2 have been determined from their ultraviolet, [5] [6] [7] Raman, [8] [9] [10] and infrared 11, 12 spectra in the gas phase, as well as from Raman and IR spectra of these molecules trapped in a solid Kr matrix. [13] [14] [15] The values for the symmetric and asymmetric stretches obtained in these spectroscopic studies agreed with each other to within a few wave numbers. The bending frequencies found in IR and Raman spectra 12, 15 strongly differed from those based on the assignments of band origins in UV spectra. 5, 7 The vibrational frequencies of the mixed HgBrCl molecule were determined from its Raman and IR spectra in the gas phase 9, 12 and in a Kr matrix. 14, 15 The structures of the HgBr 2 and HgCl 2 molecules have been investigated in several gas phase electron diffraction experiments. 16 -18 The results of these studies favored a linear equilibrium geometry, however the mercury-halogen distances found in these works ranged widely from 2.378 to 2.44 Å for HgBr 2 and from 2.252 to 2.34 Å for HgCl 2 . The HgCl 2 molecule was also reported to be nonpolar in a molecular beam deflection experiment, 19 which also supported a linear structure for the molecule. An attempt to determine the valence angles in HgCl 2 , HgBr 2 , and HgBrCl from the isotopic shifts in matrix isolation spectra was reported by Givan and Loewenschuss. 20 The authors of that study concluded that there were indications for nonlinearity in these molecules.
There have been several previous ab initio studies reported in the literature on the structure and spectra of HgBr 2 and HgCl 2 that included the effects of electron correlation. [21] [22] [23] Nearly all of these, however, used relatively small double-basis sets with modest levels of electron correlation, e.g., second-order Møller-Plesset perturbation theory ͑MP2͒. The MP2 work of Schwerdtfeger et al., 22 however, used a larger basis set of triple-quality, while the very recent study of Khalizov et al. 23 utilized the quadratic configuration interaction ͑QCISD͒ method with more extended basis sets ͑up to 4 f -type functions͒ to determine the structure and harmonic vibrational frequencies of both HgCl 2 and HgBr 2 . Overall, however, the agreement with the available experimental data in these studies was of mixed quality, presumably due to basis set incompleteness, lack of sufficient electron correlation, and/or the chosen treatment of a͒ Electronic mail: nick@mail.wsu.edu b͒ Electronic mail: kipeters@wsu.edu relativity. The reader is referred to Ref. 23 for an overview of the results of these earlier calculations.
The current work represents a systematic ab initio study of the near-equilibrium potential energy and electric dipole moment surfaces of HgCl 2 , HgBrCl, and HgBr 2 in order to obtain accurate structural and spectroscopic parameters of these molecules. The potential energy surfaces ͑PES͒ of these molecules were obtained at the CCSD͑T͒ level of theory 24 using correlation consistent basis sets up to 5Z quality with explicit extrapolations to the complete basis set ͑CBS͒ limit. Additional corrections for core-valence electron correlation and relativistic effects were also made. The vibrational band origins and IR intensities were determined in variational calculations. Analogous calculations on the spectra of the open-shell species HgClO and HgBrO will be reported separately. 25 This work is part of an ongoing investigation of the molecular properties and reactivity of mercury with reactive halogen species. Previous work has included the calculation of the low-lying electronic states of HgO and the ab initio calculation of the thermochemistry of the molecules included in this work. 26 The calculational details of the current work is described in Sec. II, while a discussion of the results is presented in Sec. III with a summary in Sec. IV.
II. METHODOLOGY
All electronic structure calculations in this work were carried out with the MOLPRO suite of programs. 27 As described in detail below, at each given molecular geometry the total energies within the frozen core approximation were first calculated at the coupled cluster singles and doubles with perturbative triples ͓CCSD͑T͔͒ level of theory 24, 28 with a series of basis sets of increasing size, which were then extrapolated to the complete basis set ͑CBS͒ limit. To this result, the contributions of core-valence correlation (⌬E CV ), spin-orbit coupling (⌬E SO ), and scalar relativity (⌬E SR ) were added to produce CCSD͑T͒/CBSϩCVϩSOϩSR potential energy surfaces.
The augmented correlation consistent aug-cc-pVnZ basis sets were used for the chlorine atom. 29 The d-functions in these standard Cl basis sets, however, were replaced with the modified sets developed in Ref. 30 . A small core relativistic effective core potential ͑RECP͒ was used for the (1s2s2p) Br electrons and the remaining Br electrons were treated with newly-developed aug-cc-pVnZ-PP basis sets. 31 The energy adjusted RECP of Häussermann and co-workers 32 was employed for the 60 core electrons of Hg and the recently developed cc-pVnZ-PP basis sets 33 augmented with additional diffuse exponents in an even tempered manner were utilized for the outer core and valence (5s5p5d6s) Hg electrons. Only pure spherical d-, f-, g-, h-, and i-angular momentum functions were used in the calculations. All of these basis sets are denoted below as AVnZ, where n ranged from 2 ͑D͒, 3 ͑T͒, 4 ͑Q͒, and 5.
In the CCSD͑T͒ calculations the largest value of the T 1 diagnostic 34 was just 0.014, and hence all of these molecules were well described by the Hartree-Fock configuration. Unless otherwise noted, only the valence 3s3 p (Cl), 4s4p (Br), and 5d6s (Hg) electrons were correlated in these calculations. In order to account for basis set truncation effects, an extrapolation to the complete basis set limit for the CCSD͑T͒ total energies was carried out by using both the mixed exponential/Gaussian function 35 E͑n ͒ϭE CBS ϩBe Ϫ͑nϪ1 ͒ ϩCe Ϫ͑nϪ1 ͒ 2
͑1͒
and a two-parameter extrapolation formula 36 E͑n ͒ϭE CBS ϩB/n 3 . ͑2͒
The corrections for core-valence electron correlation were calculated with a core-valence correlation consistent aug-cc-pwCVTZ basis set 37 on Cl and analogous aug-ccpwCVTZ-PP basis sets on both Br and Hg. In comparison to the aug-cc-pVTZ and aug-cc-pVTZ-PP sets, these corevalence basis sets contained extra tight functions in each angular momentum and were optimized to explicitly recover core-valence correlation effects (2s2p2d1 f for Cl and 2s2p2d2 f 1g for Br and Hg͒. The core-valence corrections were calculated as ⌬E CV ϭE coreϩval ϪE val , where E coreϩval was the CCSD͑T͒ total energy calculated with all electrons correlated and E val was the CCSD͑T͒ total energy obtained in the frozen core approximation ͑both using the same corevalence basis sets͒.
The effects on the potential energy surfaces due to spinorbit coupling were determined by diagonalizing H el ϩH SO in a basis of ⌳-S electronic eigenstates. The elements of the spin-orbit matrix were calculated at the internally contracted MRCI level of theory 38 with the use of spin-orbit pseudopotentials. The Hg 5d electrons were not correlated in these MRCI calculations. The basis sets corresponded to aug-ccpVTZ-PP for both Hg and Br. A relativistic effective core potential 39 was also applied on Cl in order to employ the effective spin-orbit operator 40 from the RECP. In addition, the basis sets for the s-and p-shells of the standard aug-ccpVTZ set on Cl were recontracted in the presence of the RECP based on atomic RHF calculations. In each case the orbitals used in the MRCI calculations were obtained with the state-averaged CASSCF method, and all 18 electronic states that correlate to the (Cl,Br) 2 P u ϩ(Hg) 1 S g ϩ(Cl,Br)
2 P u asymptotes were included in the construction of the H el ϩH SO matrix. The diagonal elements of H el ϩH SO were replaced by the MRCIϩQ energies, which included the multireference Davidson correction 41 for an approximate treatment of the effects of higher excitations. The difference between the lowest spin-orbit coupled eigenvalue and the MRCIϩQ energy of the lowest 1 ⌺ g ϩ ( 1 A 1 in C 2v and 1 AЈ in C s symmetry͒ electronic state was used for the spinorbit correction to the PES, ⌬E SO . Spin-orbit coupling effects in the HgCl 2 molecule were calculated to be very small ͑ϳ1 cm Ϫ1 at the equilibrium geometry͒ and were neglected. While the majority of the scalar relativistic effects were accounted for in the calculations through the use of the RECPs on Hg and Br, residual effects due to Cl were obtained as a sum of the matrix elements of the one-electron Darwin and mass-velocity terms in the Breit-Pauli Hamiltonian 42 calculated with the single reference configuration interaction singles and doubles ͑CISD͒ method with the AVTZ basis sets (⌬E SR ). The scalar relativistic effects in HgBr 2 were assumed to be completely recovered by the RECPs and were not treated in this manner.
A total of 74 points around the approximate equilibrium geometry was computed for each molecule over the range Ϫ0.4a 0 рRϪR e р0.4a 0 in the HgX ͑XϭBr,Cl͒ distances and 130рр180 for the ͑X-Hg-Y͒ ͑X,YϭBr,Cl͒ valence angles. Polynomial functions of the form
were used to accurately fit the computed energies. In Eq. ͑3͒ the stretching coordinates Q 1 and Q 2 were represented by Simons-Parr-Finlan coordinates, 43 Qϭ(RϪR e )/R, and Q 3 denotes ⌬͑X-Hg-Y͒ϭϪ180. The surface fitting and subsequent calculation of the spectroscopic parameters via second order perturbation theory were carried out with the SURFIT program. 44 At each geometry chosen for the calculation of the potential energy surfaces, the electric dipole moments were also calculated using the CCSD͑T͒ method and the AVTZ basis sets. The values were obtained within a finite field approach with field strengths of Ϯ0.002 a.u. The computed dipole moments were then transformed into an Eckart reference frame, 45 where the B axis was defined to be orthogonal to the linear molecular axis ͑A axis͒ of the equilibrium geometry with the origin being assigned to the center of mass. The Eckart frame dipole moment data were then fit to polynomial functions of the same form as Eq. ͑3͒ with coefficients D i jk (x,y) , but with the use of simple displacement coordinates ⌬RϭRϪR e for the distances and ⌬⌰ϭ⌰Ϫ180 for the valence angle.
The analytical potential energy and electrical dipole moment surfaces were then used in three-dimensional variational calculations of the vibrational energy levels and IR band intensities using the program packages of Tennyson and co-workers ͑DVR1D, ROTLEVD, and DIPOLE͒. 46, 47 The variational calculations were carried out in a Jacobi (r,R,␥) coordinate system, where r was the Hg-X distance ͑XϭBr for HgBrCl͒, R was the distance from the third atom to the center of mass on the Hg-X axis, and the ␥ coordinate was the angle between r and R. The basis set consisted of 12-15 Morse-type functions for the radial coordinates r and R. The angular coordinate was treated with 120 discrete variable representation ͑DVR͒ points in the range 150-180 on associated Legendre polynomials. The two-dimensional effective radial Hamiltonian was solved at each DVR point, and the lowest 1800-2000 eigenvalues were then selected for construction of the full 3D Hamiltonian matrix. The rovibrational calculations were performed for both Jϭ0 and 1. The solutions for Jϭ1 were found in a two-step procedure. 46 The obtained ͑ro-͒vibrational wave functions were then used with the fitted dipole moment surfaces to calculate dipole moment matrix elements. Infrared intensities were calculated and are reported in terms of the band strength S,
where is the frequency of the band origin and is the electric dipole moment in atomic units.
III. RESULTS AND DISCUSSION
The structural parameters and harmonic vibrational frequencies of HgCl 2 , HgBrCl, and HgBr 2 calculated from the fitted CCSD͑T͒ potential energy surfaces are collected in Table I . The systematic expansion of the basis sets leads to a shortening of the mercury-halogen distances and concomitant increases in the stretching vibrational frequencies. The results generally show fast convergence for these molecular parameters. The changes between the largest AV5Z basis set and the AVQZ set are only 0.003 Å for bond lengths and less than 2 cm Ϫ1 for the harmonic vibrational frequencies. The employment of extrapolation formulas ͑1͒ and ͑2͒ leads to a further shortening of the internuclear distances. The extrapolation of the total energies by the mixed exponential-Gaussian formula ͑1͒ with the use of the DZ, TZ, and QZ basis sets ͓CBS1͑DTQ͔͒ results in only small ͑Ͻ0.0006 Å͒ shrinkages of the mercury-halogen distances compared to values explicitly obtained with the large AV5Z basis sets. On the other hand, the n Ϫ3 formula ͑2͒ using the QZ and 5Z total energies ͓CBS2͑Q5͔͒ gives large ͑by 0.003 Å͒ decreases in the bond lengths, which seems unrealistic given the small changes between QZ and 5Z. The two other extrapolation schemes applied, CBS1͑TQ5͒ and CBS2͑TQ͒, give only moderate shortenings ͑by 0.0006 -0.0019 Å͒ of the internuclear distances compared to AV5Z, which seems to be more in line with the sequences of mercury-halogen dis- tances obtained with the DZ-5Z basis sets. Hence, we have chosen the CBS2͑TQ͒ extrapolation energy for the final construction of the potential surfaces. This was particularly important for the bent geometries, for which the AV5Z basis set calculations were very time consuming. The inclusion of corrections for core-valence electron correlation leads to strong decreases of the mercury-halogen distances by 0.006 -0.009 Å with increases of 3-5 cm Ϫ1 in the stretching frequencies compared to the valence-only results. The inclusion of scalar relativistic effects on Cl and spin-orbit coupling did not yield significant contributions to the equilibrium structures. At the equilibrium geometry, however, the energy lowering due to SO coupling consisted of up to 100 cm Ϫ1 in HgBr 2 and 40 cm Ϫ1 in HgBrCl. Overall, the inclusion of these additional relativistic effects yielded slight ͑0.0003-0.0009 Å͒ expansions of the bond lengths and very small ͑0.1-0.7 cm Ϫ1 ͒ decreases in the harmonic frequencies compared to the CCSD͑T͒/ CBS2͑TQ͒ϩCV results.
In order to assess the accuracy of the pseudopotential approximation for the equilibrium structures of the molecules of this study, all-electron optimizations were carried out with the scalar relativistic Douglas-Kroll-Hess ͑DK͒ Hamiltonian. 49 The basis sets for Cl͑Br͒ corresponded to the standard aug-cc-pVQZ sets, 29, 50 but the sp (spd) sets were recontracted based on atomic HF-DK calculations. 51 An allelectron, aug-cc-pVQZ-DK basis set has been recently reported for the Hg atom 33 ͕a (32s26p19d13f 3g2h) primitive set contracted to ͓12s11p9d5 f 3g2h͔͖ and was used in these geometry optimizations at the CCSD͑T͒ level of theory ͑within the frozen core approximation͒. The results of geometry optimizations carried out at this CCSD͑T͒/aug-ccpVQZ-DK level of theory ͑AVQZ-DK͒ are compared in Table IV below to the pseudopotential-based AVQZϩSR results. In each case, the differences are very small, ϳ0.001 Å, and lends further credence to the small estimated uncertainties in our predictions stated below.
The final near-equilibrium potential energy surface parameters are presented in Table II . The HgCl 2 PES was obtained by fitting the CCSD͑T͒/CBS2͑TQ͒ϩCVϩSR total energies, the HgBrCl PES was constructed from the CCSD͑T͒/ CBS2͑TQ͒ϩCVϩSOϩSR total energies, and the HgBr 2 PES was obtained at the CCSD͑T͒/CBS2͑TQ͒ϩCVϩSO level of theory. The root-mean-square ͑RMS͒ errors of all fitted surfaces did not exceed 0.5 cm Ϫ1 . The equilibrium distances and rotational and vibrational spectroscopic constants as obtained by second-order perturbation theory 52 are listed in Table III . The predicted equilibrium geometries can be assigned conservative uncertainties of about Ϯ0.004 Å, where about half of this arises from the spread in the CBS extrapolations.
The equilibrium distances for HgCl 2 , HgBrCl, and HgBr 2 are not yet available from experimental data to be directly compared to our results. At the moment the most reliable experimental estimate for the Hg-Br distance in HgBr 2 is the parameter R ␣ (Hg-Br)ϭ2.378Ϯ0.005 Å found in an electron diffraction ͑ED͒ study 17 by statistical analysis of data from 40 independent experiments. This value is in remarkably good agreement with our predicted R e (Hg-Br) ϭ2.377 Å. The parameter R g (Hg-Cl)ϭ2.252Ϯ0.005 Å was obtained in the most recent ED experiment 18 on the HgCl 2 molecule. This value also agrees well with our prediction of R e (Hg-Cl)ϭ2.245 Å if one takes into account that compared to the equilibrium distance R e , the corresponding R g parameter contains temperature dependent contributions from vibrational displacements of the molecule. Our theoretical values for the rotational constants B 0 ϭ1431.7 MHz for HgCl 2 and B 0 ϭ566.0 for HgBr 2 are significant higher than the values Bϭ1359.3 and 544.4 MHz, respectively, estimated in a previous spectroscopic study. 10 For HgCl 2 our calculations also predict smaller anharmonic spectroscopic constants X 11 ϭϪ0.56 cm Ϫ1 and X 13 ϭϪ2.21 cm Ϫ1 than the experimental values X 11 ϭϪ0.9 cm Ϫ1 and X 13 ϭϪ5.0 cm Ϫ1 derived from UV spectra ͑see Table IV͒ . 6 The quadratic force fields of the molecules in internal coordinates are given in Table V . The force fields exhibit similar patterns, and the monotonic tendencies in the series HgCl 2 →HgBrCl→HgBr 2 can be easily observed for the majority of the force constants. In general the force fields are dominated by their quadratic terms and also show a lack of significant coupling between internal coordinates in these molecules. Some of the quadratic force constants for HgBr 2 , HgBrCl, and HgCl 2 have been previously estimated in spectroscopic studies. 11, 14, 15 The ab initio diagonal force constants are 2%-5% higher than the experimental ones for the stretches, while the bending force constants found in the current study are 6%-12% higher than the corresponding experimental values. Due to the absence of high resolution experiments and the good agreement of the theoretical band origins with the available experimental data ͑see below͒, we believe the force constants of the present work to be the most reliable.
The expansion coefficients for the dipole moment functions of HgCl 2 , HgBrCl, and HgBr 2 calculated at the CCSD͑T͒/AVTZ level are shown in Table VI . The RMS errors of these fits did not exceed 0.5ϫ10 Ϫ4 a.u. At equilibrium the HgBrCl molecule has a small positive dipole moment of 0.487 D with respect to a Cl-Hg-Br orientation ͑positive end of the dipole towards Br͒. The first and second derivatives of the Eckart frame dipole moments with respect to dimensionless normal coordinates are presented in Table  VII . In each case the derivatives of the dipole moments are well approximated by the linear terms. The Eckart frame dipole moment second derivatives are either zero by symmetry (HgBr 2 and HgCl 2 ) or have small magnitudes. This implies that the overtone vibrational bands of all three species will likely have low intensities in the IR spectra.
Several band origins selected from the lowest 60 rovibrational eigenvalues computed in the variational calculations are collected in Table VIII with their corresponding IR intensities. The variationally obtained fundamental transitions have essentially the same values as those calculated by second order perturbation theory listed in Table III . The IR intensities of bands for the bends and asymmetric stretches decrease monotonically in the series HgCl 2 →HgBrCl →HgBr 2 in accordance with decreasing band origin frequencies. As expected, the first overtone and combination bands in the IR spectra of these molecules have very low intensi- ties. The highest among them is the intensity of the ͑101͒ combination band in the spectra of the HgCl 2 molecule. The IR intensities of bands due to higher overtones and combination bands were calculated to have very small magnitudes. The comparison of the ab initio vibrational frequencies and the corresponding experimental assignments is given in Table IX . None of the experimental spectra of HgCl 2 , HgBrCl, and HgBr 2 in the gas phase [9] [10] [11] [12] were of high resolution, and the bands were fairly broad. This presumably introduces an error of a few wave numbers into the experimental frequencies. The bands in the IR and Raman spectra of these molecules trapped in Kr matrixes [13] [14] [15] have more narrow widths. However, the bands in matrix isolated spectra are shifted and in some cases have splittings due to the influence of the matrix. On the other hand, vibrational band origins obtained in the present study also contain small residual errors mostly due to the fact that the CCSD͑T͒ method often overestimates vibrational frequencies at the basis set limit when core-valence correlation effects are also included ͑c.f., Refs. 37 and 53͒. Taking into account these factors, one can conclude that our vibrational frequencies are in excellent agreement with the experimental data. The theoretical values for the stretching frequencies are only 3-6 cm Ϫ1 higher than the corresponding assignments of gas phase spectra of these molecules. Our results also endorse the higher values for the bending frequencies in HgCl 2 and HgBr 2 found in their IR and Raman spectra, 12, 13, 15 which were strongly underestimated or misassigned in measurements of the UV spectra. 5, 7 Finally, the vibrational levels for several isotopomers of all three species were also obtained in variational calculations. The corresponding isotopic shifts in the vibrational spectra of HgCl 2 , HgBrCl, and HgBr 2 are presented in Table  X . In general the ab initio isotopic shifts are only 0.2-0.6 cm Ϫ1 larger than those available from IR and Raman spectra of these molecules isolated in Kr matrixes.
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IV. CONCLUSIONS
Accurate near equilibrium potential energy surfaces for the complexes HgCl 2 , HgBrCl, and HgBr 2 have been calculated using the CCSD͑T͒ method and large correlation consistent basis sets with relativistic effective core potentials. The highly accurate structural parameters and vibrational frequencies obtained are in excellent agreement with the results of the most recent electron diffraction and spectroscopic experiments. The electric dipole moment functions were also calculated and were used to accurately determine the intensities of the anharmonic IR band origins. The overtone and combination bands are predicted to have very low intensities, which agrees with the lack of observation of these bands by experiment. The structural and spectroscopic parameters of HgCl 2 , HgBrCl, and HgBr 2 obtained in the present study are expected to be valuable for future spectroscopic experiments, as well as for monitoring and modeling the oxidation of mercury by halogens in the atmosphere.
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